Wafer bonding is an essential component of the semiconductor industry. [1] [2] [3] It allows wafer level packaging, 3D integration of diverse devices, and manufacturing of silicon-on-insulator (SOI) wafers needed as substrates for microelectromechanical systems (MEMS) and high performance microelectronic and photonic devices. 1 Perhaps the most common bonding process used, especially for SOI production, is fusion wafer bonding which usually follows the procedure: 1, 2 First the wafer surfaces are prepared in a cleaning treatment and then the wafers are joined together in vacuum at room temperature. The final bond strength is obtained during annealing at high temperatures. In plasma-activated wafer bonding 3, 4 the wafers are pretreated in plasma. This allows high bond strengths to be obtained at lower annealing temperatures.
Wet cleaning is an essential step required before fusion bonding of hydrophilic silicon wafers can succeed. The chemistry of Standard Clean 1 (SC1) is a convenient and highly effective method. Numerous early studies such as Refs. 5-8 all used SC1 as part of the standard wafer cleans before wafer bonding. There are three main objectives of the SC1 clean. Firstly, the importance of a hydrophilic surface terminated with hydroxyl groups, readily provided by a basic solution such as SC1, to bonding has long been noted by Maszara et al., 9 and elucidated in detail by Tong and Gösele. 8 Secondly, the SC1 clean removes organic contaminants which are known to interfere with bonding reactions. 6 Finally, the SC1 clean is very effective at removing particles from wafer surfaces as described in detail by Itano and Kezuka. 10 As an additional criteria, roughening of the surface can be minimized with proper dilution of the cleaning solution. 9, 11 The SC1 clean meets these requirements for silicon wafers and for wafers with thermal oxide.
Once wafers are bonded and annealed, their bond strength is often characterized destructively by measuring their bonding energy as the energy required to form the surfaces created when the bonded wafers are pulled apart. 8, 12 The crack-opening method or the couplecantilever-beam test method 8, 12 is a common destructive method which measures the bond strength. Obviously, if bonding energies are sufficiently high, then 3D fracture, in which the fracture surface departs from the bonded interface, will result and precise quantification of the surface energy is difficult to obtain. 12 Nevertheless, a high surface energy is considered a prerequisite for good quality fusion bonding of hydrophilic silicon and oxide wafers. This surface energy, at the time of bonding, is determined by the pre-bond cleaning treatment. 3, 12 z E-mail: aapo.varpula@vtt.fi Non-destructive methods for characterization of bond interfaces have also been developed: scanning acoustic microscopy (SAM), 8 infrared (IR) transmission imaging, 8 and scanning IR interferometry. 13 If both of the bonded wafers are made of single-crystalline materials (e.g. in Si to Si bonding), then X-ray topography 8 can be used as well. In general, these methods give a qualitative measure of the bonding process, such as void fraction or yield, but they do not measure the bond strength.
These imaging methods, however, can be used to determine the bond strength, when they are combined with bond test structures fabricated on wafers. Vallin and his coworkers 12 reviewed a wide range of different bond-strength measurement techniques, including some bond strength test structures which utilized predefined surface steps. Generally mesas and recesses can be used as bond strength test structures. Mesa and recess type bonding test structures are sketched in Fig. 1 . In this paper we use both mesa and recess bonding test structures with various shapes to evaluate the surface energy of the bonded wafers at the time of contact. Previously mesa test structures were utilized in both direct 14, 15, 16 and anodic bonding. 17, 18 To the best of our knowledge recess test structures were utilized only in anodic bonding 19, 20, 21 when we published our first indicative results in 2012. 22 We analyze the bonding test structures on wafers with SC1 and plasma activation pre-bonding treatments by SAM. We present two new methods where the SAM images of the bonded wafers can be evaluated either locally, when accompanied by FEM analysis similarly as in the previous studies, or at wafer level, by measuring the probability that shallow recesses of a certain size will spontaneously bond. The former method allows mapping of the local apparent surface energy across the wafer, and the latter the determination average surface energy at the wafer level separately from the measured bond test structure statistics. Our results show good correlation between the two methods. Although the methods measure the surface energy of the activated surfaces before bonding, it is shown that in case of SC1 activation the measured surface energy correlates also well with the final bond strength of the annealed wafer pair. In addition, we show that the new statistical method can be used in studying the interaction between the wafers during the bonding process.
The local surface energy is determined by measuring the unbonded region next to the patterned step. This data is fit to the FEM models to give a surface energy value. The FEM models are validated by analytical modeling. Most of the previous studies utilized steps of the order of 100 nm or higher and either analytical 14, 15, 18, 23, 24 or FEM models. 17 Martini et al. 16 combined analytical and FEM models in the study of surface steps with height 9-400 nm. In this article we utilize shallow, 10-19 nm high, steps, and present analytical models for surface steps and circular mesas and recesses and compare them with our FEM simulations and previous models.
Finally, based on the results obtained with our methods, we propose test patterns that allow in-line monitoring of the surface clean effectiveness on process wafers.
Theory: Extraction of Surface Energy with Bond Test Structures
In this section we show theoretically how the surface energies of bonded wafer surfaces can be extracted using the measured geometrical dimensions of the wafer deformations around the bond test structures. We use the same procedure to calculate the surface energy from the deformed test structures as Wan 23 and Pasquariello 15 and their co-workers. It is assumed that the cracks associated with the test structures are of the mode I, i.e. opening mode, where a tensile stress is normal to the plane of the crack. We calculate the surface energies using both analytical formulas based on the thin plate theory 25 and COMSOL Multiphysics FEM simulation software. In both models we assumed that silicon is isotropic with the modulus of the elasticity E = 170 GPa and Poisson's ratio ν = 0.28.
In the analytical calculation and FEM simulation the surface energy is calculated from the Griffith-Irwin mechanical-release rate as 15, 23 
where U is the mechanical energy, i.e. the work equal to the total strain energy of the system, and A is the area of the deflected surface, i.e. the crack area. In the FEM simulations U is obtained by numerical integration of the strain energy density and γ by numerical differentiation and subsequent averaging filtering.
Surface step.-Although the calculations are performed for infinitely wide surface steps, we assume that the results can also be used for real surface step structures, such as large square recesses, as long as the unavoidable lateral edges are far from the studied part of the surface step. The local strain energy of the wafers near a surface step can be calculated analytically with the formulas derived for wide elastic straight beams. 25 The case discussed here is shown in Fig. 2 . The fixed boundary condition (i.e. no deflection or rotation is allowed) 25 is used at the right end of beam. The left end of the beam is guided (i.e. the slope of the beam is zero at this end and no rotation or shear is allowed), 25 which also acts as a symmetry boundary condition. The force F step is acting on the guided end of the beam. In general, the force needed to deform the beam to an arbitrary deflection of y is given by (cf. Ref. 25 )
where t is the wafer thickness, d step and w are the length and width of the beam, respectively, E = E/(1 − ν 2 ), E is the modulus of the elasticity of the material, and ν is Poisson's ratio of the material. Here the length of the beam d step corresponds to the length of the unbonded region near the surface step. The mechanical energy needed to deflect two beams by h/2, where h is the step height, can be written as
[3]
Using Eqs. (1) and (3) and the formula A = d step w gives the surface energy as
This formula is similar to the formula obtained by Hiller 24 and Horning et al., 14 although they did not use the correction factor for wide beams, 1/(1−ν 2 ). 25 In addition, Horning et al. assumed that one bonded wafer was much thinner than the other, and only the thinner wafer deflects. Martini et al. 16 derived an analytical model for the case of short unbonded regions (d step < 2t) using analytical formulas describing the elastic strain fields around a straight dislocation. 26 Using their model the surface energy can be written as (cf. Ref. 16 )
The 2D geometry and the boundary conditions of the FEM simulation are shown in Fig. 2b and 2c . As in the analytical model, one end of the structure is fixed, but the other end is displaced downwards by h/2. The simulated geometry has extensions with the lengths of d ext = 2d step at the ends of the beam. These extensions allow the slight deformations of the wafers in the surrounding regions to be modeled. The mesh of the FEM simulation is rectangular and consists of 28,800 elements. The mesh is denser near the bottom and the ends of the beam. Because the FEM simulation yields a value for U/w, but P44 ECS Journal of Solid State Science and Technology, 4 (2) P42-P52 (2015) not for U , Eq. (1) is utilized in the form
where the formula A = d step w was used.
Circular mesa and recess.-The local strain energy near circular mesas and recesses shown in Fig. 3 can be calculated analytically with the formulas derived for annular plates. 25 In the case shown in Fig. 3c the inner edge of the annular plate (at r = b) is guided and the outer edge (at r = a) is fixed. A line load is applied uniformly on the inner edge. The total force corresponding to this line load depends on an arbitrary deflection of y by (cf. Ref. 25 )
where
In the case of the recess test structure a is the radius of the circular recess and b is the radius of the bonded region inside the recess. In the case of the mesa test structure b is the radius of the circular mesa and a is the radius of an area which includes the mesa and the deflected region. The radial width of the unbonded rim around a mesa test structure and inside a recess test structure is d circ = a − b.
The mechanical energy needed to deflect two of these kinds of annular plates by h/2 can be written as
Using Eqs. (1) and (8) and the formula A = πa 2 gives the surface energy as
The 2D geometry and the boundary conditions of the FEM simulation are shown in Fig. 3d . The outer edge of the plate is fixed. In the model for a recess structure ( Fig. 3d ) the part of the bottom is displaced downwards by h/2. In the model of a mesa structure the part of the bottom is displaced upwards by h/2. As before, the simulated structure is extended by the radial width d ext = 2a. The mesh of the FEM simulation is rectangular and consists of 26,400-31,200 elements, depending on the dimensions. The mesh is made denser near the bottom of the plate and the inner edge of the displaced region.
Modeling considerations.-In the analysis the thickness t of the both of the bonded wafers are assumed to be equal. The fact that the other wafer has 10-20 nm deep recesses does not affect the analysis, since t is usually in the range of hundreds of micrometers. In direct wafer bonding of silicon wafers, silicon oxide is often employed at the bond interface. The effect of the thin (< 1 μm) silicon oxide layer at the bonding interface and possible structural defects near high stress points are neglected in the model. Furthermore, the effect of the external atmospheric pressure on the deformation of the vacuumsealed test structures is not considered. Our FEM simulations have shown this effect to be negligible in the test structures utilized in this work. For larger membranes the analytical model by Wan et al. 23 can be used to estimate the effect of the external pressure.
Compared to destructive methods, such as the crack-opening method, the bond test structures estimate the surface energies of the bonded wafer surfaces, when they are brought into contact. 12 Any subsequent processing steps which alter the bond strength will not be detected by the bond test structures, unless their deformations change accordingly. To emphasize this crucial difference between the surface energy given by the bond test structures and that given by the destructive methods, we introduce the term apparent surface energy, which is the surface energy indicated by our analysis of the bond test structures. In the case of direct bonding of silicon wafers, this apparent surface energy seems to be determined by the conditions of the wafer surfaces during contact (see the results section for further discussion).
Experimental
Bonding test structure and sample fabrication.-The layouts of the bonding test structures used in the experiments are sketched in Fig. 4 . These layouts were reproduced multiple times on a wafer. The wafer-level arrangements used in the experiments are shown in Fig. 5 .
The fabrication process of the 675 μm thick 150 mm silicon wafers is sketched in Fig. 6 . The cap wafer has 500 nm of thermal wet oxide (Fig. 6a ). The recesses and mesas were fabricated on the handle wafers by first growing 500 nm of thermal oxide (Fig. 6a ), and patterning it using photolithography and buffered HF etching ( Fig. 6b ). Then, a thin dry-oxide layer was grown on the handle wafers ( Fig. 6c ). Finally, all the oxide was etched away in 49 % HF (Fig. 6d ).
The thickness of the thin dry-oxide layer was varied from 24 nm to 56 nm so that the final depths of the recesses of the test structures varied from 10 nm to 19 nm. This recess depth defines the value of h in all test structures (see the theory section). The depths of the recess were estimated by combining results from reflectometry using a FilmTek 2000M and profilometry using a Veeco Dektak M6. Based on the reflectometry data an uniformity of 3 % was estimated for the recess depth across the wafer.
Prior to bonding the fusion bonded wafers were cleaned in SC1 using either dilute or standard dilution at the temperature of either 45 • C or 65 • C. The dilution of the standard SC1 mixture is 1:1:5 of ammonia (25 % solution), H 2 O 2 (30 % solution), and H 2 O. The dilute SC1 mixture is 1:4:20. The plasma bonded wafers were first cleaned in the standard SC1 at 45 • C and then activated in either N 2 (power 230 W) or O 2 plasma (150 W) in an Oxford 80Plus reactive ion etcher and finally rinsed in deionized wafer (DIW) before bonding. In both plasma treatments the processing time was 30 s, the chamber pressure was 150 mTorr, and the gas flow was 30 standard cm 3 /min. The details of all experiments are combined in Table I . In general, one bonded wafer pair was fabricated for one combination of the prebonding treatment and the value of h. In both experiment III.S1 and III.D2 two bonded wafer pairs were fabricated. In both III.S2 and III.D1 four bonded wafer pairs were fabricated in two separate processing runs.
All the wafers were bonded in vacuum (10 −3 mbar) at room temperature (RT) using either EVG5201S (fusion bonded wafers) or EV801 (plasma-activated wafers) wafer bonder ( Fig. 6e ). In order to see if the local bonding near the test structures changes during bonding, the fusion bonded wafers of experiments III.S and III.D were annealed in a wet oxidation process in two steps: first at 900 • C for 1 hour and then at 1100 • C for 2 hours. The rest of the fusion bonded wafers were annealed at 1100 • C for 2 hours. The plasma-activated wafers were annealed in vacuum at 400 • C for 1 hour.
SAM imaging and bonding test structure analysis.-The acoustic micrographs of the bonded and annealed wafers were obtained using a Sonix HS3000 SAM. Bonded wafers from experiments II.S and II.D were also investigated with SAM before each annealing step. For reference, the bonding strengths of unpatterned wafers (one bonded pair for each type of prebonding treatment) were measured with the crack opening method. 27 Three samples were diced from each test wafer. The result of the crack opening test (COT) is an average value of the surface energies of these samples.
The SAM images were processed and analyzed with MATLAB. Before the analysis the SAM images were enhanced using the blind deconvolution function deconvblind, which also yields the pointspread function (PSF) of the imaging system. The obtained PSF suggests that the spot size of the SAM is around 50 μm, which is in close agreement with manufacturer's specification.
The MATLAB analysis algorithm counts the number of bonded recess test structures on the wafer and measures the widths of the [10] The length or width of the unbonded region was calculated by first summing up the intensities of all the pixels around the test structures. This sum corresponds to the total unbonded area. Finally, the length or width of the unbonded region is calculated based on this measured area and the known geometry of the test structure. In order to avoid the effect of the corners in the further analysis, the lengths of the unbonded regions of along the sides of the square recess test structures were obtained by taking the average of the average unbonded lengths in 280 μm wide areas at the center of the 4 sides. The apparent surface energies corresponding to the measured dimensions of the unbonded regions were obtained from the surface energies calculated for each test structure using the FEM model ( Figs. 8 and 9a ).
Results and Discussion
Comparison of surface energies calculated with analytical and FEM models.-The apparent surface energies of two surface step test struc-tures and two recess test structures are plotted in Fig. 7 . The heights and depths of the surface steps and recesses are 10 nm and 15 nm. Generally the apparent surface energies increase with decreasing d step and d circ because the required deformation energy increases when the deformed area decreases at constant step height or recess depth. That is to say, high surface energies induce stronger deformation.
In both cases the present analytical models, Eqs. (4) and (9), and the FEM simulations agree well when the dimensions of the unbonded regions, d step and d circ , are larger than 10 mm. At shorter unbonded regions the present analytical models, Eqs. (4) and (9), yield orders of magnitude higher surface energies than the FEM simulations. The reason for this is that at small dimensions (d step and d circ less than 1 mm) the analytical models based on the thin plate theory overestimate the mechanical energies needed in the deformations. At small dimensions, in fact, the thin plate theory is not valid because the thickness of the wafer should not be more than about 1/4 of the least transverse dimension of the deflected structure. 25 Most of the practical geometries and the test structures utilized in this work violate this assumption as well. In spite of this, the analytical formulas provide still insightful information how the surface energy depends on the geometrical and material parameters.
The analytical model by Martini et al., Eq. (5), agrees with the FEM simulations when d step ∼ 2t (see Fig. 7a ), but yields 1-3 orders of magnitude lower surface energies when d step < 2t. This difference is presumably due to local high stress points at the shoulder corners of the recess test structures. These high stress points, which were seen in the FEM simulations, increase total strain energy U of the structures, thus contributing to higher apparent surface energies. The analytical models are not able to describe these high stress points, but all of them are able to describe well the h-dependence, γ ∝ h 2 , in the whole range of d step and d circ .
In summary, Fig. 7 shows that the FEM and analytical models of this work agree very well when the dimensions of the test structures are large. When d step and d circ are less than 1 mm, however, only the FEM models can be used since the present analytical models are not valid in this range. Dependencies of apparent surface energies on bond test structure geometries.-The calculated apparent surface energies of the recess and mesa bonding test structures are plotted in Fig. 8a and b as functions of the width of the unbonded rim. The graphs show that these test structures can be used for measuring the apparent surface energies in the range 10 −4 -10 −2 J/m 2 .
The apparent surface energies of the surface step bonding test structures are plotted in Fig. 9 . The dynamic range of the surface steps extends to as high as 10 J/m 2 . Across the range of interest the h-dependencies of the curves in Fig. 9b are extremely close to the h 2 -dependency predicted by the analytical models, Eqs. (4) and (5) . This was tested by fitting the curve γ = αh 2 , where α is a constant, to the data. The relative root-mean-square (RMS) errors of the fits were only 1-3 ppm. Similar results were obtained also for the mesa and recess structures.
Effect of temperature and dilution of SC1 on fusion bonding.-
The effect of standard and dilute SC1 was studied at 45 • C and 65 • C. In general, the use of the lower dilution improved bonding quality at both temperatures, and higher bonding quality was obtained at the lower temperature regardless of the dilution. Below we focus on the details of the extreme cases.
The unprocessed SAM images of fusion bonded wafers with standard and dilute SC1 cleaning treatments at 65 • C and 45 • C, respectively, are shown in Fig. 10 . Most of the large square recesses in the dilute SC1 wafers are bonded in Fig. 10b , whereas in the standard SC1 wafers most of them are not bonded in Fig. 10a . In addition, the narrower unbonded rims in the inset of Fig. 10b are clearly visible.
Maps of the widths of the unbonded rims and the corresponding apparent surface energies obtained from the SAM images using the procedure explained in the experimental section are shown in Fig.  11 . Fig. 11 shows that the wafer pair activated in dilute SC1 has much narrower unbonded rims and the corresponding higher apparent surface energies than the wafer pair activated in standard SC1. Also, the variation of the apparent surface energy across the wafer is more uniform in the case of dilute SC1.
In experiments II.S and II.D (see Table I ) the wafers were investigated with SAM before and after the annealing steps. These SAM images were closely similar to the SAM images obtained after the annealing. This supports the fact that these kinds bond test structures characterize the bonding interface at the time of wafer contact. 12 SAM images of the recess and mesa test structures of Fig. 4b and c on fusion bonded wafers are shown in Fig. 12 , where differences in the dimensions of the unbonded regions are clearly seen. The average widths of the unbonded regions d step and unbonded rims d circ are plotted in Fig. 13 as functions of the surface step height, mesa height, and recess depth, respectively. The calculated surface energy curves in Fig. 13 were obtained from the FEM simulations by assuming γ step ∝ h 2 and γ circ ∝ h 2 . Fig. 13 shows that the surface step, mesa, and recess models produce slightly different apparent surface energies from the experimental data. The surface step model estimates the highest apparent surface energies: 12-30 mJ/m 2 for dilute SC1 (45 • C) wafers with step height of 10-19 nm, and 13 mJ/m 2 for standard SC1 (65 • C) wafers with step height of 12-16 nm. The mesa and recess models estimate lower values: 6-14 mJ/m 2 for dilute SC1 (45 • C) wafers with h of 10-19 nm, and 7-9 mJ/m 2 for standard SC1 (65 • C) wafers with h of 12-16 nm.
Since the apparent surface energies of the wafers with the same composition and surface treatment should be the same, these results suggest that the present models are not fully applicable in the present experiments. The most probable reason for this is the fact that the present models do not take the 500 nm thick silicon oxide layer into account. However, the present models are still useful in giving estimations of the surface energies. Addition of the oxide into the models needs careful modeling of the stresses originating from the oxidation process. Therefore, further information on these stresses and the details of the oxidation process are needed.
As it has been already shown some of the recesses are bonded and some are not. The bonding probability of a recess depends on the depth, the lateral size, and the shape of the recess as well as the activation treatment of the surfaces. The measured bonding probabilities of circular and square recesses (see Eq. (10) in the experimental section) as functions of the area and the depths of the recesses are shown in Figs. 14 and 15 . The bonding probability decreases with increasing recess depth and increases with increasing recess size. The shape has a minor effect on the probability, at least in the case of squares and circles. The surface treatment has a huge impact on the bonding: The bonding probability of a 2 mm wide and 12 nm deep square recess is 71.8 % on a wafer cleaned in dilute SC1 at 45 • C and 12.7 % on a wafer cleaned in standard SC1 at 65 • C (see Fig. 14) .
This statistical problem of recess bonding is similar to the yield problem in integrated circuit (IC) manufacturing: In IC manufacturing local, stochastic defects on wafers cause failures of some of the manufactured ICs. In this work, local, stochastic features on wafer surfaces cause bonding of some recesses. Therefore, yield models 28, 29, 30 can be used to describe the probability of a bond initiation site being found in a recess. It should be also noted that kinetic models cannot be used here, because there is no equilibration process: The bonding of the recesses is a fast process which stops after the bonding front has passed the recesses. The early phases of the wafer bonding process can be described by models initially developed for stiction in MEMS. 31, 32 In general, the interaction between the bonding surfaces is determined by capillary forces, van der Waals forces, electrostatic forces and forces related to hydrogen and solid bridging. 31, 32 It is very unlikely, however, that capillary forces play a role in vacuum bonding of recesses. In addition to the environmental conditions such as temperature, the roughness of the bonding surfaces has profound effect on the bonding process.
In the yield models, the yield Y of the fabricated devices is limited by defects. In the present problem, however, there are local disturbances on wafers, which cause the bonding of recesses to occur. In the context of a yield model, the defects themselves cause the bonding. Therefore, the probability of a recess to bond can be written as 1 − Y .
We analyzed the data of Fig. 14 with two general models, the negative binomial model 28, 29 and the variable defect size (VDS) model. 30 These yield models are able to explain the behavior of the 10 nm deep recesses with areas higher than 1.5 mm 2 . The VDS model suggest that the bonding is caused by a point-like sources with a density of 0.9 mm −2 . These models and the other common yield models, 28, 29, 30 however, predict much higher probabilities than observed when the recess area is smaller than 1.5 mm 2 . This discrepancy is even higher with deeper recesses and the standard SC1 cleaning. The discrepancy is most likely because these models do not take the energy needed to bond into account. In general, the density of the initial energy needed for the recess to bond increases with decreasing recess area simply due to the fact that the bonding of smaller recesses must begin with smaller value of d circ (see Fig. 7b ). Presumably, the limited availability of energy during the bonding process reduces the bonding probability if the required energy is high. Fig. 16 shows the dependence of the width of the unbonded rim of the 2000 μm square recesses on the bonding probability of the same recess. There is a clear dependence between these two: When the unbonded width is small, the bonding probability is large and vice versa. Since the width of the unbonded rim is inversely proportional to the apparent surface energy, this suggests, rather obviously, that the bonding probability of a recess increases with increasing apparent surface energy of the bonding surface. This effect is also clearly visible in Fig. 10 .
The experimental data in Fig. 16 shows that the apparent surface energy of the SC1 treated surfaces decreases in the order 1) dilute SC1 at 45 o C, 2) standard SC1 at 45 o C, 3) dilute SC1 at 65 o C, and 4) standard SC1 at 65 o C. The data suggests that as the strength of the SC1 mixture increases, the apparent surface energy decreases. These results can be explained by the fact that the surface roughness increases as the NH 4 OH concentration in the SC1 solution increases. 11 The SC1 results are summarized in Fig. 17 , which also shows the results obtained with the COT. Although COT measures the surface energy as the mechanical energy needed to pull the bonded wafers apart, both apparent surface energy ( Fig. 17b ) and the recess bonding probability (Fig. 17c ) correlate well with the final bond strength of the SC1-treated wafers measured by COT (Fig. 17a ). Fig. 17 shows also the results from the plasma-activated wafers, which are discussed in detail in the next section. The apparent surface energy and the recess bonding probability are both measures of the bonding surfaces at the time when the wafers are first brought into contact. The further bonding mechanisms taking place during annealing determine the final bond strength. Because the mechanisms of plasma bonding differentiate remarkably from those in the fusion bonding, the fusion and plasma bonding results in Fig. 17 cannot be directly compared. Overall, the estimation of surface energy based on the measured bonding probability is, indeed, a fast and simple way to compare cleaning treatments, but does not allow mapping of surface energy and cannot be quantified without reference samples. The results imply that the surface energy at the time the wafers are brought into contact 11 and 19) , and (c) the bonding probabilities of 11 nm (SC1) and 12 nm (O 2 and N 2 plasma) deep recesses ( Figs. 11 and 19) . The values are measured averages of (a) 3 samples from a single wafer pair and (b,c) 121 test structures on a single wafer. The standard SC1 cleaning was performed at 65 • C and the dilute SC1 at 45 • C. The COT surface energies of the SC1-treated wafers were measured after annealing at 1100 • C for 2h, whereas the O 2 and N 2 plasmaactivated wafers were measured directly after bonding at room temperature (RT) and after annealing at 400 • C for 1 h. determines also the final bond strength of SC1-treated wafers which is obtained after annealing.
Comparison of nitrogen and oxygen plasma activated samples.-Examples of SAM images of plasma activated wafers are shown in Fig. 18 . Maps of the widths of the unbonded rims and the corresponding apparent surface energies obtained from SAM images (see the experimental section) are shown in Fig. 19 . Compared to the recesses on the fusion bonded wafers (see Fig. 11 ) the number of bonded recess on the plasma activated wafers increases toward the edges of the wafers. This could be caused by the spatial variation of the plasma in the processing chamber. Fig. 17 shows the comparison of the SC1 and plasma activated wafers as well as the bond strength of the plasma-activated wafer measured with COT both before and after annealing. Both plasmaactivated wafers have apparent surface energies near 20 mJ/m 2 , which are in agreement with the values 40-75 mJ/m 2 reported by Bodner et al. 33 The results in Fig. 17 suggest that the surface energy and the resulting interaction of the bonding surfaces is stronger in O 2 plasma activated wafers than in N 2 plasma activated wafers and even SC1treated wafers, but this does not turn into high bond strength during annealing. In the case of nitrogen plasma, strong final bond strength is obtained during annealing in spite of weaker interaction. Compared to the fusion bonding of the SC1-treated wafers, differences between the interaction of the bonding wafers can also explain the fact that the apparent surface energy and the recess bonding probability of the plasma-activated wafers are only slightly correlated with the COT surface energies measured at RT and not correlated with the COT surface energies measured after annealing. Whereas the SC1-treated samples allow a straightforward interpretation of apparent surface energy in terms of surface roughness, the plasma activated wafers are not so simple. As Fig. 17 shows the apparent surface energy of the N 2 activated surface is comparable to that of the SC1 activated surfaces. The O 2 activated surface is even higher. This contrasts with the typical expectation, confirmed here as well, that the bond strength of the N 2 and O 2 activated wafers after annealing are often lower than that of the SC1-activated fusion bonded pairs. Furthermore, O 2 activated pairs should be weaker than N 2 bonded pairs. The discrepancy in the behavior of SC1 activated and plasma activated surfaces may lie in the nature of the surfaces created.
The surface energy of a solid has both polar and non-polar components. A perfect, defect free oxide surface comprised of bridging oxygen atoms is effectively hydrophobic. A fresh, thermal oxide provides an example of an oxide surface with a relatively high contact angle (hydrophobic) 34 with a surface covered mainly in siloxanes. 35 Introduction of defects will increase the surface energy toward hydrophilic behavior. Non-bridging oxygen atoms have been modeled on such surfaces. 36 Wendt and co-workers 37 noted that water will adsorb molecularly on defect free silica, but dissociatively on silica with surface defects, implying that the defect-free surface will lack polar components. M. Chassé and G. G. Ross 38 studied Ar ion implanted silicon surfaces. Their results show, similarly as ours, that the presence of oxygen during Ar treatment increases the surface energies of the samples. M. Chassé and G. G. Ross explained this to be due to the removal of hydrocarbons. 6, 38 Both N 2 and O 2 plasma activation processes are expected to create defects on the surfaces. If the O 2 activated surface is systematically richer in complex oxygen-related defects (beyond those found on the N 2 activated surface), then that could explain the higher apparent surface energy of the O 2 activation process. It has also been speculated, 39 that some of the oxygen related defects are not amenable to the low temperature reactions needed to achieve high bond strength. Therefore, whereas the O 2 plasma treated surface possesses a high-energy, as measured here, the nature of the defects may impede the bonding reactions between the joining wafer surfaces.
Advanced recess bonding test structures.-During the experiments we observed that the tip of the large triangle shown in Fig. 4b was very sensitive to the local bonding conditions (see also Fig. 12b ). In the case of 10 nm deep recesses and cleaning in dilute SC1 at 45 • C (experiment II.D), the length of the unbonded region at the tip varied from 236 to 1888 μm with the average value of 839 μm. Only 4 large triangles were bonded in wafers cleaned in standard SC1 at 65 • C (experiment II.S). The average unbonded width was 1091 μm and the range from 309 μm to 1818 μm.
In order to fully exploit this phenomenon, we designed new test structures with long and sharp features. The layouts of these test structures are shown in Fig. 4d and e. The spiral shape allows long shapes to be confined locally, thus it increases the dynamic range of the test structure remarkably. A triangle and two spirals with equal lengths are compared in the layout of Fig. 4d . The test structures are connected to a large circular recess in order to ensure initiation of the bonding.
The SAM images of these structures are shown in Fig. 20 . The test structures act as gauges: The longer the bonding front (shown in black) extends into the tip of the spiral or the triangle, the better the bonding strength. Fig. 20a and b show that the shorter triangle and spirals produce similar results, but their dynamic range is not wide enough for the wafers cleaned standard SC1 at 65 • C. The longer spiral of Fig. 4e has wide enough dynamic range for the wafers cleaned in both types of SC1. Fig. 20c shows also that the apparent surface energies indicated by the test structures can be slightly different in different locations on the wafer. This allows SAM imaging and image analysis to be used to perform mapping of the apparent surface energy on the wafers. 
Conclusions
We have presented a method for measurement of apparent surface energy of cleaned wafer surfaces locally utilizing either recess or mesa bond test structures, SAM, image processing and analysis, and FEM analysis. It allows local mapping of the apparent surface energy across the bonded wafer pair. We have also presented an alternative, statistical method to determine the average surface energy at the wafer level from the measured bonding probability of shallow recess bond test structures. The bonding probability gives also information on the interaction between the wafer surfaces. Results from both methods correlate with each other. The present methods allow the evaluation of surface cleans without destructive, off-line methods such as the crack-opening method.
The results obtained with the present methods and the crackopening method show that the bond strength of the annealed wafers depend on the pre-bonding activation and increase in the order 1) O 2 plasma, 2) standard SC1 at 65 • C, 3) N 2 plasma, and 4) dilute SC1 at 45 • C. In addition, the results imply that the local bonding near a step and the wafer level bonding probability are correlated and governed by the surface energy at the time the wafers are brought into contact. In the case of SC1-activated fusion bonding this surface energy is also proportionally converted into the final bond strength obtained after annealing. As the mechanism of O 2 and N 2 plasma-activated wafer bonding is different, this correlation of the apparent surface energy and bonding probability with the final bond strength was not observed in O 2 and N 2 plasma activated wafers.
The results of this work can also be used in the fabrication of shallow cavities and bonding of wafers with recesses. When dilute SC1 cleaning is used at 45 • C, the cavity will not collapse if the cavities are deeper than 25 nm and the lateral area of a circular or square cavity is less than 2 mm 2 . Our results show that wafers with circular or square recesses bond with 100% certainty if the recesses are shallower than 8 nm and their area is larger than 4 mm 2 . When standard SC1 cleaning is used at 65 • C, the values for shallow cavities are the same as with the dilute SC1, but guaranteed bonding of wafers with recesses cannot be estimated based on our data. Between these extremes, the bonding of various cavity sizes and depths obey a probabilistic trend.
Finally we have proposed advanced test patterns, which allow inline monitoring of the surface clean effectiveness on process wafers. As the methods and test patterns employed in this work are not limited to Si/SiO 2 bonding, we are confident that they are useful also in the study of the bonding and interaction of other surfaces as well.
